A series of lumped-parameter models is developed in an effort to predict the dynamics of simple force-controlled robot systems. The models include some effects of robot structural dynamics, sensor compliance, and workpiece dynamics. A qualitative analysis suggests that the robot dynamics contribute to force-controlled instability.
Introduction
The performance of a robot is enhanced if it is able to make contact with its environment in a prescribed manner.
oscillations present in the controlled system. Instabilities have' been observed in the operation of both of the forcecontrolled robots currently in use at the MIT Artificial Intelligence Laboratory. 'These robots include a PUMA arm and the new MIT Precision Assembly Robot.
Roberts7 investigated the effect of wrist sensor stiffness on the closed-loop system dynamics. Both Roberts and Stepien8 included drive stiffness (transmission compliance) in their dynamic models.
Cannon9 has investigated the similar problem of the.position control of a flexible arm with endpoint sensing. He has shown that a high-order compensator is able to stabilize the system, but with limited bandwidth and high sensitivity to parameter changes. This is often accomplished through the use of a wrist force sensor. The sensor output is fed back to the controller to alter the system's performance. Many such closed-loop
The research presented in this paper uses conventional modeling and analysis techniques to investigate the stability of closed-loop force control systems. During contact, the 'ystems have been using various force dynamic systems ofthe robot structure, the wrist sensor, and and many problems have been the are coupled. A series of lumpedobserved.
parameter models is developed to show that a simple force A theoretical treatment of environmentally-imposed constraints is provided by Mason', who also suggests a control methodology to augment these "natural" constraints with an appropriate set of "artificial" constraints. Raibert and Craig2 developed a hybrid control architecture based on Mason's theory. Salisbury3 showed that an end effector's stiffness could be controlled in Cartesian coordinates using an appropriately-formed joint stiffness matrix.
Active force control systems that have been implemented to test these strategies have demonstrated dynamic stability problems. Historically, some instabilities have been caused by digital sampling, and Whitney4, discusses these conditions. Researchers have also observed the effects of unmodeled (uncompensated) nonlinearities, such as friction or backlash6. Raibert and Craig2 implemented their hybrid controller and found sustained control algorithm exhibits stable behavior when the higherorder dynamics of the arm can be neglected, and that it can be unstable if those effects are significant. This is believed to be the cause of the instabilities observed in the robots at the MIT AI Lab, discussed above.
Unstable behavior often takes the form of a limit cycle where the robot is making and breaking contact with the workpiece. The discontinuous nature of this response makes the system difficult to model using linear elements. To the extent that models are used as control system design tools, however, in this paper we will neglect the discontinuity and study linear systems. In fact, we wiIl assume that if a linear system has desirable response characteristics, then the discontinuity should be neglected; if the linear system is unstable, then its response is undesirable (and may not even reach a stable limit cycle).
To begin with a simple case, let us consider the robot** to be a rigid body, with no vibrational modes. Let us dso consider the workpiece to be rigid, having no dynamics. The sensor connects the two with some compliance, as shown in Figure 1 .
We model the robot as a mass with a damper to ground. The mass m,. represents the effective moving mass of the arm. The viscous damper br is chosen to give the appropriate rigid body mode to the unattached robot. The sensor has stiffness ks and damping b,. The workpiece is shown as a "ground state". The robot actuator is represented by the input force F and the state variable x, measures the position of the robot mass.
The open-loop dynamics of this simple system are described by the following transfer function:
Since this robot system is to be controlled to maintain a desired contact force, we must recognize that the closedloop system output variable is the force across khe sensor, the contact force FC.
We will now implement the simple proportional force conhrol law:
which states that the actuator force should be some nonnegative force feedback gain kp. times the difference between some desired contact force Fd and the actual contact force. This control law is embodied in the block diagram of Figure For completeness, let us look at the root locus plot for this system. -----+3 ratio decreases, but the system remains stable. In fact, kf can be chosen to give the controlled system desirable response characteristics.
Re
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Include Workpiece Dynamics
The simple robot system of Figure 1 has been shown to be unconditionally stable (for kf' 0). Force controlled systems, however, have been observed to exhibit variations in dynamic behavior depending upon the characteristics of the workpiece with which the robot is in contact. It is with this phenomenon in mind that the robot system model is augmented to include workpiece dynamics as shown in -
[bss+ kJ2
The output variable is again the contact force F,, which is the force across the sensor, given by F, = kJx, -X, , ).
If we now implement the same simple force controller, the control law remains unchanged.
The block diagram for this control system is shown in Figure 5 . Note that the feedforward path includes the difference between the two open-loop transfer functions.
The root locus for this system is plotted in Figure 6 as the force feedback gain k is varied. There are four openloop poles and two open-i oop zeros. The plot then still has two asymptotes, at +90°. The shape of this root locus plot tells LIS that even for high values of gain, the system has stable roots. Therefore, while the characteristics of the workpiece affect the dynamics of the robot system, they do not cause unstable behavior. 
Include Robot Dynamics
Since the addition of the workpiece dynamics to the simple robot system model did not result in the observed instability, we will augment our system with a more complex robot model. If we wish to include both the rigid-body and first vibratory modes of the arm, then the robot alone must be represented by two masses. <6~-order characteristic polynomial> X (3) <3rd-order numerator polynomial> 2 - 
The contact force is again the force across k, F, = kJx2 -X , , ) and the simple force control law is
The block diagram for this controller, Figure 8 , shows again that the feedfonvard path takes the difference between two open-loop transfer functions. This time, however, both of these transfer functions represent positions remote from the actuator force.
The root locus plot, Figure 9 , shows a very interesting effect. The system is only conditionally stable. For low values of ks the system is stable; for high values of kr the system is unstable; and for some critical value of the force feedback gain, the system is only marginally stable. To provide some physical interpretation to this effect, note again that the input force F is applied to ml, which moves with x]. The sensor is attached to the robot at m p which moves with xa. Here the controller attempts to regulate the contact force fhrough the m,-b2-k2 dynamic system. In the previous two examples, stability was achieved while the controller regulated the contact force on the single robot mass.
Exclude Workpiece Dynamics
To determine the influence of the workpiece dynamic characteristics on this system, their effects are now removed from the model. Figure 10 shows the workpiece modeled rigidly as a "wall". The robot model still includes both the rigid-body and first vibration modes. The sensor consists of a spring and damper between the robot and the workpiece. 
The contact force is given by F, = k,x2 and the control law will again be
The block diagram for this controller, Figure 11 , shows that taken. The root locus plot shape is shown in Figure 12 . Again, the system is conditionally stable, as this time there is therefore shown to be present regardless of the workpiece dynamics (which may have been suspect in the above case of the model in Figure 7) .
-one open-loop zero and four poles. The instability is
Comparison of the two-mass model of Figure 4 with that of Figure 10 shows that the models are basically the same (note the different subscripts), and the equations are therefore of the same form. One controlled system is stable (Figure 6) , however, while the other is not (Figure 12) . The difference is only in the placement of the sensor. In the former, the feedback comes from the spring between the masses. In the latter, the feedback signal comes from the spring at the second mass to ground.
